Mycobacterium tuberculosis strongly relies on a latency, or nonreplicating persistence, to escape a human host's immune system. The DevR (DosR), DevS (DosS), and DosT proteins are key components of this process. Like the rhizobial FixL oxygen sensor, DevS and DosT are histidine protein kinases with a heme-binding domain. Like the FixJ partner and substrate of FixL, DevR is a classical response regulator of the two-component class. When activated by DevS or DosT during hypoxia in vivo, DevR induces a dormancy regulon of more than 40 genes. To investigate the contributions of DevS, DosT, and target DNA to the phosphorylation of DevR, we developed an in vitro assay in which the full-length, sensing, DevS and DosT proteins were used to phosphorylate DevR with ATP, in the presence of target DNAs that were introduced as oligonucleotides linked to magnetic nanoparticles. We found that the DevR phosphorylations proceeded only for the deoxy states of the sensors. The reaction was strongly inhibited by O 2 , but not CO or NO. The production of phospho-DevR was enhanced sixfold by target consensus DNA or acr-DNA. The phospho-DevR bound tightly to that DNA (K d~0 .8 nM toward acr-DNA), and it was only slightly displaced by a 200-fold excess of unphosphorylated DevR or of a truncated DevR with only a DNA-binding domain. To our knowledge, this represents the first in vitro study of the ligand regulation of DevR phosphorylation by full-length DevS and DosT, and demonstration of a positive effect of DNA on this reaction.
Introduction
An impressive number of pathogens succeed in colonizing their hosts for long periods by switching to a latency, or nonreplicating persistence (NRP) [1] [2] [3] . This is because the host often controls the infection by stopping the growth of the microbe rather than clearing it. Consequently, some latent pathogens can reactivate when the host immune response becomes compromised. Mycobacterium tuberculosis (Mtb) represents a remarkable case of a pathogenic bacterium that strongly relies on the persistent route to survive and can reside in a human host for decades [4] . As a result, about one-third of the world's human population is latently infected with Mtb. This huge reservoir of the pathogen is a major challenge to our ability to control this infectious disease. The treatment of Mtb infections still requires at least 6 months of a closely monitored antibiotics regimen. Advances in our understanding of the biochemical cues and signaling cascades that lead to persistence have generated some excitement about the possibility of devising novel strategies to shorten the treatment and eradicate this disease [5] [6] [7] .
The persistence of Mtb has long been associated with hypoxia [3] . Small structures in the lung called granuloma, where the bacteria reside, feature a low O 2 tension, as measured in humans and guinea pigs [3, [8] [9] [10] [11] . There is, however, no evidence of lung granuloma in mice, and the use of this well-studied animal as a model has resulted in some controversy [12] [13] [14] . An in vitro model of slow O 2 depletion from an Mtb culture, developed by L. G. Wayne, is increasingly accepted as a way to approximate the entry of Mtb into nonreplicating persistence (NRP) [3] . According to Wayne, in this system, the biochemical and morphological changes of Mtb suggest that their NRP proceeds in two stages: the first at or below 3 lM O 2 , and the second at or below 0.15 lM O 2 [3] .
Three proteins, DevR, DevS, and DosT, have been discovered to be key to Mtb's adaptation to hypoxia [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . The DevR-DevS-DosT system is reminiscent of the rhizobial O 2 -sensing FixL-FixJ proteins and belongs to the broad family of classical two-component regulatory systems [26, 27] . Unlike FixL-FixJ, where activation of the FixJ substrate depends only on the O 2 -sensing FixL hemeprotein kinase, in the Mtb system, DevR receives input from two O 2 -sensing hemeprotein kinases: DevS and DosT. These two sensors differ in their detection of O 2 . Although the O 2 equilibrium dissociation constants (K d ) alone do not fully determine the detection range of sensors [28, 29] , the quite dissimilar values for DosT (K dO2~2 6 lM) and DevS (K dO2~3 lM) do indicate a difference in this range, consistently with a two-step process that starts with DosT during microaerobiosis and continues with DevS under nearly anaerobic conditions [25] .
The turnover of DevR and ATP, and regulation of this reaction by heme ligands, has not been previously examined, although O 2 , but not NO or CO, was discovered to inhibit the intermediate autophosphorylations of DevS and DosT [25] . The ligand regulation of the autophosphorylation and turnover reactions cannot be presumed to be the same unless the reaction follows a classical ping-pong bi-bi mechanism, where there is a formation of two independent binary complexes. This was found not to be the case for RmFixL or Bradyrhizobium japonicum FixL (BjFixL) [30] [31] [32] [33] . Tuckerman et al. [30] observed that when RmFixL had simultaneous access to both ATP and FixJ in a 'one-pot reaction', the RmFixJ was quantitatively phosphorylated, with almost no accumulation of phosphorylated enzyme intermediate or generation of free phosphate (Pi). By contrast, when RmFixL was forced to react first with ATP alone, and later with RmFixJ in the absence of ATP, in a 'two-pot reaction', only a few percent of the RmFixJ was phosphorylated and hundreds of times as many free Pi molecules were produced than phospho-RmFixJ, due to a rapid hydrolysis of the phospho-RmFixJ. The regulation of the reaction by O 2 was also much more stringent in a one-pot reaction for Bradyrhizobium japonicum FixJ (BjFixJ) (> 1100-fold inhibition of the BjFixJ phosphorylation) than during the isolated autophosphorylation of the sensor with ATP (10-fold inhibition of the BjFixL autophosphorylation) [28, 32] .
Here we examine the phosphorylation of DevR by DevS and DosT, and the regulation of this reaction by heme ligands. In vitro studies of DevR phosphorylation until now have used truncations of DevS and DosT without a heme domain and have not assessed regulation [23, 34, 35] . We explore an observation, made during this research, that target DNA enhances the DevR phosphorylation, by developing a novel assay. In this assay, the target and control DNAs for binding to DevR are presented to the reactions as oligonucleotides linked to magnetic nanoparticles. This approach, which readily allowed us to investigate the factors that stabilize phospho-DevR, is potentially applicable to studies of many other transcription factors in solution.
Results

DevR phosphorylation is regulated by O 2 via DevS and DosT
We prepared the deoxy (Fe II ) forms of the full-length DosT and DevS proteins, as well as the fully O 2 , CO, and NO saturated forms [36] . In addition to those, we also investigated ferric forms for these systems, although they are unlikely physiological species. We then asked whether these species would catalyze phosphoryl transfer from c-[ 32 P]-labeled ATP to DevR in single-pot reactions that contained a kinase, i.e., either DosT or DevS, together with the ATP and DevR. As shown by the autoradiographs of the electrophoresed reaction products in Fig. 1 , under anaerobic conditions, each kinase efficiently transferred the ATP's c-phosphoryl group to DevR with negligible accumulation of the phospho-DevS or phospho-DosT intermediate. By contrast, no reaction occurred when we replaced the DevR with the noncognate response regulator BjFixJ; instead, there was an accumulation of phosphorylated kinase, as happens when autophosphorylation reactions are done with only ATP. These results provide a direct in vitro biochemical evidence that DevR is the cognate substrate of the DevS and DosT sensor kinases in their native full-length forms.
During their turnover of DevR and ATP, the DevS and DosT kinases were strongly inhibited by O 2 binding but remained fully active if saturated with CO or NO; comparisons and contrasts of the initial rates are shown in Fig. 1B,D Compared to the respective deoxy states, the strengths of the inhibition by O 2 were 20-fold for oxyDosT and 6-fold for oxy-DevS. These O 2 responses of the turnover reaction essentially matched those of the previously measured kinase autophosphorylations, suggesting a classical ping-pong bi-bi mechanism involving two independent steps with two binary complexes being formed (sensor:ATP and phosphorylated sensor: response regulator) [25] . This result sharply contrasts the phosphorylation of BjFixJ by BjFixL, for which regulation by O 2 was more than 100-fold stronger for the turnover, one-pot reaction, than for the autophosphorylation, i.e., first step of the two-pot reaction [28, 32] .
As in the BjFixL-BjFixJ system during the one-pot reaction, the phosphoryl group was transferred rapidly from ATP to DevR, by DevS or DosT, with little accumulation of phosphorylated sensor-kinase intermediate (Fig. 1A,C) [32] . Unlike BjFixJ, which was ultimately quantitatively phosphorylated, the DevR was not phosphorylated to completion. When the level of the phosphorylated DevS or DosT intermediate reached about 10%, the rate of DevR phosphorylation was balanced by the rate of phospho-DevR hydrolysis.
For the second step of the two-pot reaction, where DevR was reacted with phospho-DevS or phosphoDosT in the absence of ATP, there was no effect of O 2 . This reaction was very rapid, whether in air or under N 2 , and complete within 30 s (Fig. 2) . Similar results are observed if phospho-FixL is reacted with FixJ in the absence of ATP [30] .
Enhancement of DevR phosphorylation by target DNA
The phosphorylation of a response regulator is thought to trigger a conformational change that promotes DNA binding [37] [38] [39] . We reasoned that a back effect of the DNA might enhance the phosphorylation, and we compared the phosphorylation of DevR in the presence of the following doublestranded oligonucleotides: (a) a proposed devR-consensus box (20 bp) known to have cocrystallized with the DevR DNA-binding region [40] ; (b) the acr-CP boxes (44 bp) that occur upstream of acr, a gene strongly induced by hypoxia via DevR [41] ; (c) the acr-C box (22 bp); (d) the acr-P box (22 bp); and (e) the fixKbox (20 bp) in Sinorhizobium meliloti DNA that occurs upstream of fixK 2 , a gene strongly induced by hypoxia via RmFixJ [42] . From the similar rates of a reaction without DNA, compared to a reaction having the fixK-box, it was clear that noncognate DNA did not influence the phosphorylation of DevR (Fig. 3B ). By contrast, the devR-consensus box, as well as the acr-CP DNAs enhanced the DevR phosphorylation about sixfold (Fig. 3C,D) . It is reasonable to assume that the increased phosphorylation was due to the stabilization of phospho-DevR toward hydrolysis by shielding from solvent within the phospho-DevR: DNA complex.
It is notable that the acr-CP region conferred the same enhancement as the devR-consensus box DNA, although the homologous C and P boxes in acr-CP constitute two target sequences (Fig. 3C ). This surprising finding suggested that DevR binds to its proposed consensus sequence much more strongly than to each acr box. On examination of DevR's interaction with each isolated acr box, we found that acr-C had no discernible effect on the DevR phosphorylation, but acr-P enhanced the reaction threefold, although together acr-CP accelerated the reaction six times (Fig. 3C,D) . The cooperativity between the acr boxes agrees with analyses of DNA footprinting with a chemically phosphorylated DevR [41, 43] .
To our knowledge, the only other observation of an enhancement of response regulator phosphorylation by target DNA comes from the work of Mattison and Kenney, who reported a two-to threefold acceleration of OmpR phosphorylation in the presence of regulatory sequences upstream of the ompF gene [44] . These observations, together with our results, suggest that a back effect of target DNA on the efficiency of phosphorylation might be widespread in response regulator activation. In such systems, the phosphorylation of a response-regulating transcription factor, and ultimately its induction of target genes, could easily proceed hierarchically for those genes. In the case of DevR, the order and level of induction would be determined, not only by O 2 but also by the strengths and numbers of (Fig. 4A,B) . By this approach, we could saturate 20-30% of the acr-CP sites on the beads with phospho-DevR, as determined by autoradiography and western blot analyses of the phospho-DevR and total DevR in the supernatant and beads (Fig. 4A) . Although it has been reported that binding of unphosphorylated DevR to target DNA may occur when DevR is highly overproduced [45, 46] , we could not detect binding by the unphosphorylated DevR and estimate that < 1% of it was bound. By contrast, hardly any of the phospho-DevR on the acr-CP beads could be dislodged by three washes of buffer (Fig. 4) . Given that our limit of detection of the free phosphoDevR in solution by autoradiography was about 2% of the 2 lM phospho-DevR:DNA with the beads, we estimate a K d~0 .8 nM for binding of phospho-DevR to acr-CP at 23°C (calculation under Materials and methods).
Stability of the phospho-DevR:DNA complex against hydrolysis and dissociation
We interrogated the acr-CP-bound protein on the magnetic beads for conditions that would either stabilize the phospho-DevR:DNA complex, or that would gently dissociate this complex without hydrolyzing the radiolabeled phospho-DevR or denaturing the protein (Fig. 5A ). Our analysis identified 0.50 M arginine (in buffer containing 5.0 mM EDTA at pH 8.0) as the best reagent for dissociating the phospho-DevR:DNA complex at 23°C without releasing Pi or impairing the protein's ability to rebind the DNA (Fig. 5B) . Within 5 min, about 80% of the phospho-DevR was released, and only 6% was hydrolyzed.
In the absence of Mg 2+ , but without EDTA, about 40% of the phospho-DevR was dissociated after 1 h, and 20% was hydrolyzed (Fig. 5B) . By contrast, in the presence of Mg 2+ , about 50% of the bound phospho-DevR was dissociated as well as hydrolyzed over the same period; the results were the same in the presence of DevS. (Fig. 5B) . The chelation of divalent cations by EDTA made the phospho-DevR: acr-CP complex more stable against hydrolysis; in that case, about 56% of the phospho-DevR was released, but only 20% was hydrolyzed (Fig. 5B) . We estimate that the dissociation of all the phosphoDevR from the DNA should be complete within a few hours. Once off of the DNA, in the presence of divalent cations, the phospho-DevR hydrolyzes, as the aspartyl phosphate of free response regulators is inherently unstable, with a half-life in the neighborhood of minutes at neutral pH. In vivo, such a dissociation and hydrolysis of phospho-DevR should correspond to a clearing of the DevR regulon upon a return to oxic conditions, and this should be more than fast enough to account for an Mtb response to environmental changes that takes place over hours to days.
DevS has paradoxically been proposed to serve, not only as a DevR kinase but also as a phospho-DevR phosphatase [34] . In the DevR-DevS-DosT system, however, there is no obvious need to respond rapidly to fast-changing environmental conditions, as occurs in chemotaxis, or to reset the system enzymatically, as occurs after more stable phosphorylations (e.g., serine or threonine). Some workers have suggested that DevS is a phospho-DevR phosphatase, and it does appear that some fragments of DevS have such an activity. The 'DevS cyto ' or 'DevS WT' used by Kaur and colleagues for their in vitro studies, for example, represented the C-terminal one-third (residues 378-578) of DevS. Compared to the full-length deoxy-DevS that we have used, the DevS 378-578 was an essentially inactive kinase (compare our Figs 1 and 2 to fig. 3e of Kaur et al. [34] ).
There is also a peculiar behavior of Mtb cells under acetate stress in double-knockout (DKO) but not wild-type Mtb that has been attributed to an in vivo 'phosphatase' activity. Normally, neither DKO nor wild-type strains express genes from DevR-regulated promoters in aerobic conditions; however, if Mtb is grown in media that force it to use acetate as a carbon source, certain DevR-induced genes appear to be expressed in the DKO but not in the wild-type strains. In media with adequate glucose as a carbon source, there was no gene expression attributable to an aerobic accumulation of phospho-DevR [34] . Kaur et al. hypothesized that a surge in acetyl phosphate levels in cells cultured in acetate caused formation of phosphoDevR, and that in the wild-type strain, but not the DKO, this acetyl phosphate-derived phospho-DevR was eliminated by a DevS phosphatase activity. As native DevS has no such activity, this would require that DevS be modified to have such an activity during acetate stress. While we do not rule out this possibility, other explanations of the difference between DevS and DKO strains in responding to acetate stress are also possible. Relative strengths of DevRc:DNA and unphosphorylated DevR:DNA complexes
To assess the relative strengths of binding of different DevR species to DNA, we treated the phospho-DevR: acr-CP complex with large excesses of DevRc (the C-terminal DNA-binding region of DevR) or unphosphorylated DevR (Fig. 6) . Compared to the spontaneous dissociation of the phospho-DevR from the phospho-DevR:acr-CP complex, our treatment of this complex with a 200-fold excess of unphosphorylated DevR dislodged less than 8% more phospho-DevR from the DNA (Fig. 6C) . Likewise, compared to the spontaneous dissociation of the phospho-DevR from the phospho-DevR:acr-CP complex, our treatment of the complex with a 200-fold excess of DevRc caused a displacement of less than 10% additional phospho-DevR (Fig. 6C) . When Mg 2+ was added together with the competing DevR, there was release of the phosphoDevR as well as its hydrolysis.
Discussion
Like the rhizobial FixL proteins, DevS and DosT are O 2 sensors that direct a series of complex and requisite changes for survival of the bacteria in a eukaryotic host [26] . There continues to be a widespread misconception about regulation of the DevR-DevS-DosT system by NO. As macrophages generate NO, this molecule is thought to occur in the environment of Mtb in vivo during infections on humans. Among the many undesirable effects of NO, even tiny amounts of free NO would completely blind DevS and DosT to O 2 , as the NO-bound forms of these sensors remain active, and they bind NO with much higher affinity than O 2 . In other words, regardless of the O 2 concentration, the system should remain fully active if NO is introduced. As we know that the DevR-DevS-DosT system can induce hypoxia-dependent genes in the presence of activated macrophages, there must exist a highly effective mechanism to eliminate the NO directed at Mtb by these macrophages [47, 48] . Indeed, an Mtb hemoglobin called HbN can rapidly and completely oxidize NO to harmless nitrate even in miniscule levels of O 2 [49] . The HbN concentration in Mtb is quite high (100-400 lM), as is its affinity for O 2 (K dO2 = 13 nM). Furthermore, oxy-HbN's NO dioxygenase activity eliminates NO 20 times faster than typical heme proteins [50] . All these properties combine to ensure that at free O 2 concentrations above 3 lM, oxyHbN concentration will be at least 100 times higher than any NO concentrations that could challenge Mtb [49, 51] .
Carbon monoxide has also been proposed to play a role in regulating the DevR-DevS-DosT system. Carbon monoxide is indeed always present during sensing of O 2 in the human body and is uniformly distributed. There is no way to sequester CO to create CO gradients or local high concentrations of CO. There are three reasons for this: first, CO passes freely through cell membranes; second, CO, unlike O 2 and NO, does not react with or bind to anything in the body other than heme; third, circulation keeps CO well mixed in the blood. A healthy human has 1-3% carbonmonoxy-Hb, generated by heme oxygenase as a byproduct of the recycling of the entire red blood cell supply every 120 days. After calculating the effects of cooperativity and competition with O 2 on the basis of a K d (CO) for human Hb of about 200 nM, we see that 3% saturation of Hb with CO corresponds to free CO levels of about 12 nM for blood that is O 2 -saturated. The most important things to note about the free CO background in humans are that it is quite low, and it is extremely constant due to buffering by the circulating blood: five liters of a 10 mM Hb solution with an immense capacity for CO. Any CO added to the system is absorbed by the blood and has negligible effect on the free CO, although the CO-Hb increases. For example, even in cases of heavy smoking or pollution that bring the fraction of CO-Hb up to 10%, the maximum free CO concentration in the bloodstream rises to only 43 nM. In other words, the addition of 700 000 nM of CO results in an increase of only about 30 nM in the free CO. Even if T cells or Mtb possessed high concentrations of an ideal heme oxygenase [48, 52] , whose production of CO was limited only by the supply of heme available to it, it could only perturb the circulating concentration of CO by gaining access to a supply of heme comparable to that available to human heme oxygenase. Therefore, any CO concentration that Mtb would see would be constant and too small to blind the O 2 sensors, although these CO concentrations would slightly influence the effective O 2 affinity due to ligand competition. For example, in 15 nM CO, the K dO2 of DevS would shift only from 3 to 5 lM, and the K dO2 of DosT would shift only from 26.0 to 26.6 lM. These minor changes would have no detectable effect on the hypoxia response.
DevS and DosT have been variously called sensors of hypoxia, CO, and NO. Our results with a reconstituted system containing all full-length native proteins as well as cognate DNA show that these proteins are O 2 sensors that work on principles similar to those of the prototypical FixL-FixJ O 2 -sensing systems [26] . Both DevS and DosT, in their full-length forms, are active kinases that catalyze a reaction of DevR with ATP to produce phospho-DevR, which is an active transcription factor.
As an important strategy for this research, we have linked, to magnetic nanoparticles, short DNA polylinker regions that can be cleaved by restriction enzymes and then ligated to cognate DNA sites for transcription factors (see in Materials and methods, Fig. 7) . The use of DNA-linked magnetic nanoparticles, which can be easily removed from solution with a magnet or washed, is generally applicable to the solution study of transcription factors. This approach is much easier than traditional measurements of DNA binding like gel-shift assays. Using this new assay of DNA binding, we have discovered that cognate DNA, like acr-CP, enhances the DevR phosphorylation, probably by helping to shield phospho-DevR from hydrolysis. Binding to cognate DNA is tight (K d in the nanomolar range) and relatively resistant to displacement by unphosphorylated DevR (Fig. 6) . Such a strategy involving assistance of the transcription factor phosphorylation by cognate DNA may be widespread for response regulators of the two-component class, which are activated by a relatively unstable aspartyl phosphorylation.
Materials and methods
Genetic manipulations
Full-length dosT and devS were previously cloned from M. tuberculosis H37Rv into Escherichia coli vectors; the genes were expressed in E. coli and the corresponding proteins were purified [25] . The devR gene (Rv3133c) was cloned by ligation to a pUC19-derived expression vector after amplification of the gene in a PCR. The PCR appended NdeI and HindIII sites, respectively, to the devR 
Gene expression and protein purification
Preparation of magnetic bead-linked DNAs
We designed the following procedure, illustrated in Fig. 7 The double-stranded (ds) polylinker was synthesized by Klenow DNA polymerase (30 min at 37°C, in New England Biolabs recommended buffer) in a reaction primed by the bead-linked oligonucleotide. The resulting bead-linked dsDNA was thoroughly washed and stored at 4°C in TE buffer.
All target DNAs were synthetic pairs of oligonucleotides designed to generate a NsiI-compatible overhang when annealed. Each target dsDNA, e.g., the acr-CP boxes, was appended to the bead-linked polylinker by treating the beads with NsiI (1 h at 37°C, 500 pmol of the adaptor oligo, 1 mg of beads, 14.3 mgÁmL À1 ), thoroughly washing them, and then ligating the polylinker to target DNA (500 pmol). Ligations were for 2 h at 23°C with T4 DNA ligase (in New England Biolab recommended buffer), with later addition of T4 polynucleotide kinase for 30 min at 37°C. The final preparations of bead-linked target DNAs were stored in TE buffer (10 lM bead-linked DNA, 20 mg of beadsÁmL
À1
) at 4°C. To confirm efficient cleavage of the polylinker and ligation of target DNA, at every reaction step, aliquots of the DNAs remaining in the supernatant were saved for examination by electrophoresis in a 10% urea-polyacrylamide gel, with detection by SYBR gold (Invitrogen, Carlsbad, CA, USA) staining.
Assays of phosphorylation
Reactions were done at 23°C. We prepared the deoxy, oxy, carbonmonoxy, and nitrosyl forms of the kinases DevS and DosT as previously reported [25, 36] . To ensure that no loss of ligand occurred during the reactions, before and after every assay we verified that the 350-700 nm absorption spectra of the reaction mixtures were unchanged. It is worthwhile to note here that, although the preparations of O 2 -bound DevS and DosT were done entirely without reducing agents, neither hemeprotein ever showed any sign of oxidation during the measurements. To examine protein phosphorylations, the stopped reactions (10 lL) were electrophoresed on 12% (w/v) polyacrylamide gels [53] . To examine levels of low-molecular-weight species (i.e., Pi and ATP), aliquots of the stopped reactions (1 lL) were also fractionated on polyethyleneimine-cellulose thin-layer chromatographic (PEI-TLC) plates developed with 0.75 M NaH 2 PO 4 , pH 3.5. Levels of phosphorylated protein in the dried gels and of low-molecular-weight species on the TLC plates were quantified with a phosphorimager (Bio-Rad, Personal Molecular Imager FX).
Turnover assays, or one-pot reactions 
Two-pot reactions
In the first step of these assays, DevS or DosT was reacted with only ATP, in the absence of any protein substrate. This initial autophosphorylation was done as previously described [25, 36] . The phosphorylated kinase, i.e., phosphoDevS or phospho-DosT, was then cleared of all unreacted ATP with a bio-spin P-6 (Bio-Rad) column. In the second step, phosphoryl transfer to DevR from the phosphorylated kinase was initiated by mixing the phospho-DevS or phospho-DosT with DevR. As we found O 2 not to affect this second phosphoryl transfer step, those reactions were done aerobically. The reaction mixtures contained 50 mM sodium phosphate pH 8.0 plus other components, such as divalent metals (as indicated) being tested for their effects on the rates of phosphoryl transfer. Reaction was stopped by mixing an aliquot of the reaction mixture with 4X Stop Buffer.
Preparative phosphorylation of DevR on beadlinked dsDNA and determination of phosphoDevR:DNA stability DevR (20 lM) was reacted with 0.50 mM ATP in reactions catalyzed by CO-bound DevS (4.0 lM) and supplemented with magnetic bead-linked acr-CP DNA (5 lM). Reaction was begun by ATP addition and stopped after 45 min by separating the solution from the beads with a magnet and quickly washing the beads three times with 50 mM sodium phosphate buffer pH 8.0. To saturate the beads as much as possible, fresh reaction components were added to the washed beads and the process repeated. For ease of manipulation, the total concentration of magnetic beads was kept below 10 mgÁmL
À1
. In addition to the proteins and ATP, the reaction buffer contained 50 mM sodium phosphate pH 8.0, 2.0 mM MgCl 2 , 0.10 mM MnCl 2 , 0.10 M trehalose, 2.0 mM tris(2-carboxyethyl) phosphine (TCEP), plus an ATP-regenerating system (4.0 mM phosphoenolpyruvate, 0.40 mM NADH, lactate dehydrogenase, and pyruvate kinase). The phospho-DevR-associated beads were kept on ice for immediate use.
To probe the DevR:Acr-CP DNA complexes for their relative content of phospho-DevR versus DevR and their stability to various conditions, the DevR:acr-CP beads (2.0 lM DNA, 17 lL) were resuspended with each solution under study; reactions were stopped by transferring an aliquot (11 lL) of the bead suspension to a clean microcentrifuge tube, pulling down the beads with a magnet, and mixing the supernatant (10 lL) with 3.5 lL of 4X Stop Buffer. The beads were also directly resuspended in 13.5 lL of 1X Stop Buffer for examination. Aliquots of these samples were loaded on 12% (w/v) SDS- polyacrylamide gels, spotted on TLC plates, and processed as previously described. 
